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Deletion of the nef gene results in viral attenuation and confers protection against challenge with wild-type simian
immunodeficiency virus in macaques. Regarding HIV-1 infection, a few long-term nonprogressors (LTNP) with nef deletions
have been described. In this study, the nef genes of a group of seven LTNP and eight progressors, all belonging to the same
cohort of infected hemophiliacs, were analyzed by cloning and sequencing from both virion RNA and peripheral blood
mononuclear cell-associated proviral DNA. Defective nef sequences coexisted with full-length nef open reading frames in five
of seven LTNP and two of eight progressors. The proportion of disrupted nef sequences within each individual was
significantly higher in LTNP (ranging from 10 to 63%) than in progressors (ranging from 9 to 21%) (P 5 0.013). Moreover,
in-frame small deletions predicting to encode Nef were found in all RNA- and DNA-derived clones from one LTNP and four
progressors. A chimeric virus in which the nef gene of NL4.3 was substituted with the nef allele containing the deletion of
two alanines at position 49–50 found in two progressors showed a defective replicative capacity compared to NL4.3 virus.
In summary, hemophiliacs with either progressing or nonprogressing HIV-1 infection are characterized by the presence of
defective nef variants. © 1999 Academic Press
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(INTRODUCTION
The natural history of HIV disease encompasses the
ossibility that 1–5% of individuals can remain healthy,
ith high CD41 T cell counts several years after infec-
ion. These individuals have been termed long-term non-
rogressors (LTNP) and are generally characterized by
ower levels of viremia and proviral DNA load than pro-
ressors, although plasma HIV RNA levels are indeed
eterogeneous within the two groups (Cao et al., 1995;
antaleo et al., 1995; Vicenzi et al., 1997a). In this regard
t is not unusual to observe LTNP with “high” (.10,000
opies RNA molecules/ml) levels of plasma-associated
NA (Vicenzi et al., 1997b).
Persistence of attenuated HIV genes has been corre-
ated with the lack of disease progression at least in
ome individuals (Iversen et al., 1995; Michael et al.,
995a; Connor et al., 1996; Dyer et al., 1997; Menzo et al.,
998). In support of this hypothesis, HIV isolates from
TNP frequently replicate less efficiently than those of
rogressors (Blaak et al., 1998). In addition, the majority
f LTNP-derived isolates fail to replicate in the MT-2 cell
ine and use the CCR5 chemokine receptor to infect
1 To whom correspondence and reprint requests should be ad-w
ressed at P2/P3 Laboratories, DIBIT, Via Olgettina 58, 20132, Milan,
taly. Fax: 39-02-2643-4905. E-mail: vicenzi.elisa@hsr.it.
349arget cells (Koot et al., 1992; Connor et al., 1997; Scarlatti
t al., 1997).
The importance of the nef gene in vivo for HIV pro-
ression has been strongly suggested by infection ex-
eriments in rhesus macaques with viruses derived from
nfectious molecular clones of simian immunodeficiency
irus (SIV) lacking nef. These animals showed low viral
oads, normal CD41 T cell counts, and, in particular, no
igns of disease progression (Kestler et al., 1991). Fur-
hermore, they were protected against cell-free as well
s cell-associated SIV wild-type (WT) challenge given by
ntravenous or mucosal routes (Daniel et al., 1992).
Regarding infection in humans, an Australian cohort of
blood donor and six recipients, all LTNP, has been
escribed as carrying large deletions in the nef gene
Deacon et al., 1995). Very similar deletions have been
ound in an American hemophilic LTNP (Kirchhoff et al.,
995) and, more recently, in an Italian individual (Salvi et
l., 1998). The nef gene has been analyzed in an addi-
ional 17 LTNP, and no major defects have been reported
n these individuals (Huang et al., 1995; Michael et al.,
995b; Mariani et al., 1996). Of note, the analyses of the
ef gene described thus far have been carried out ex-
lusively by cloning and sequencing nef from proviral
NA harbored in peripheral blood mononuclear cells
PBMC), whereas no information has been provided on
hether nef deletions were present in plasma-associ-
0042-6822/99 $30.00
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350 BRAMBILLA ET AL.ted virions. In this regard, it is known that proviral DNA
rom the resting circulating memory T lymphocytes can
ersist in these cells for their entire life span. Therefore,
his nucleic acid has been also referred to as “archival
NA” (Simmonds et al., 1991). In contrast, the majority of
irions circulating in the blood stream are the result of
roductively infected cells mostly residing in the lym-
hoid tissues and organs (Pantaleo et al., 1993; Ho et al.,
995; Wei et al., 1995). The analysis of virion-associated
NA, therefore, provides information on recently replicat-
ng virus (Perelson et al., 1996).
The critical in vivo function(s) of Nef is not known. In
itro nef has been shown to enhance viral replication.
nfectious molecular clones of HIV lacking Nef replicated
ess efficiently than WT viruses especially when resting
BMC were used as targets of infection (Spina et al.,
994; Miller et al., 1994; Vicenzi et al., 1997c). In addition,
wo major effects on cell function have been observed
ith Nef in vitro: alterations in signal transduction path-
ays and down-regulation of surface expression of CD4
nd MHC class I molecules (Collette et al., 1996; Aiken et
l., 1994; Greenberg et al., 1998; Le Gall et al., 1998).
everal mutations have been introduced in the nef cod-
ng sequence to map critical domains for putative func-
ions (Greenberg et al., 1997; Iafrate et al., 1997). These
otifs, which include the myristylation signal, the acidic
omain, and the central core region, are also highly
onserved among naturally occurring nef alleles (Shu-
ars et al., 1993; Blumberg et al., 1992).
In the present study, we have studied the nef genes
btained from a cohort of seven hemophilic LTNP and a
ontrol group of eight hemophiliacs with progressing HIV
isease matched by sex, age, and years of infection
T
Clinical Characteris
atient
Age (yr)
in 1995
Category of
progressiona
1 20 LTNP
2 33 LTNP
3 29 LTNP
4 18 LTNP
5 46 LTNP
6 18 LTNP
7 26 LTNP
8 42 PROG
9 36 PROG
10 27 PROG
11 22 PROG
12 49 PROG
13 35 PROG
14 33 PROG
15 35 PROG
a LTNP, long-term nonprogressor; PROG, progressor.
b Viremia and DNA load measurements were from samples obtaineollowed up at the same clinical center. A comparative nnalysis of nef alleles cloned from both virion RNA and
BMC-associated DNA is discussed.
RESULTS
haracterization of HIV-1 nef alleles from hemophilic
TNP and progressors
The essential features of our cohort are summarized in
able 1 and described under Materials and Methods.
he status of nef in these individuals was assessed from
blood sample drawn between January and June 1995.
ince the proviral DNA population in peripheral blood is
eterogeneous, containing both recently replicating and
lder variants, whereas cell-free virus in plasma derives
rom productively infected cells, the nef gene was am-
lified and sequenced from both PBMC-associated DNA
nd plasma-associated RNA. The frequencies of clones
ith mutations disrupting the nef open reading frame
ORF), and including large deletions, frame shifts, and
remature stop codons, are summarized in Table 2. Five
f seven LTNP were characterized by defective nef se-
uences. The proportion of disrupted clones ranged from
0 (pt 4) to 63% (pt 5). In the progressor group two of eight
ndividuals had grossly defective alleles with a frequency
f 9 (pt 13) and 21% (pt 15). The proportion of defective
equences within each individual was significantly
igher in the LTNP group than in the progressors (P 5
.013 by t test). The positions and sizes of the mutations
re reported in Table 3. The majority (12 of 13) of nef
lones from DNA of LTNP individual 5 was endowed with
arge deletions (287 nucleotides in 7 of 8 clones obtained
rom a single PCR), and 58 bp in 5 of 5 clones derived
rom an independent PCR. These large deletions were
Study Participants
counts
1995
Viremia
(copies/ml)b
DNA load
(copies/105 PBMC)b
,135 1,750 11
600 3,840 37
,047 8,108 110
905 149 17
619 1,280 28
630 2,120 17
669 10 1
445 100,654 137
162 9,149 18
105 1,499,843 397
139 40,537 346
122 18,300 251
56 164,352 753
69 78,870 574
31 364,467 300
5.ABLE 1
tics of
CD4
in
1
1ot present, however, in his plasma-associated HIV RNA,
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351DEFECTIVE nef ALLELES IN HEMOPHILIACS WITH HIV-1n which 6 of 6 clones were found intact. Since the
eletion of 287 nucleotides removes the internal region
f the nef coding sequence including the polypurine
ract, it is likely that these nef sequences belong to
eplication-incompetent virus. The smaller deletion of 58
p maps in the nef region downstream of the polypurine
ract and removes the polyproline type II helix and part of
he a helix (dA). Therefore this virus is characterized by
he lack of Nef synthesis. Defective nef clones were
resent in LTNP individual 3 as well. About 50% of his
NA- and RNA-derived clones were characterized by
ither large deletions variable in size or point mutations
eading to stop codons and alteration of the first start
ethionine. Gross defects were also present in the RNA-
erived sequences of LTNP individual 2, in that 6 of 6
lones were characterized by an insertion of an adenine
t position 320, which induces a frame shift and the
remature termination of the protein. The analysis of 4
lones from an independent PCR indicated that 1 of 4
lones was characterized by a nucleotide insertion at
osition 197, also leading to a frame shift. In contrast,
ntact nef sequences were detected in the DNA-derived
lones of this LTNP. The A insertion at position 320 was
lso present in 2 of 5 RNA clones of LTNP individual 1.
Small in-frame deletions ranging from 6 to 15 nucleo-
ides were observed in nef of some individuals, either
TNP or progressors. The 15-bp in-frame deletion at
osition 456–470 was present in all RNA- and DNA-
erived clones of LTNP patient 1, whereas progressors 8
nd 10 were characterized by a 12-bp deletion in the
olymorphic region at the N-terminal domain in both
TABLE 2
Frequency of Grossly Defective nef Sequences from Patients with
Nonprogressing or Progressing Disease
No. of nef sequences
Total Defective
Defective/total
(%)
TNPs
1 8 2 25
2 16 7 43
3 13 7 53
4 10 1 10
5 19 12 63
6 11 0 0
7 5 0 0
rogressors
8 11 0 0
9 11 0 0
10 10 0 0
11 10 0 0
12 11 0 0
13 11 1 9
14 9 0 0
15 19 4 21NA- and DNA-derived clones. Moreover, the nef gene crom progressors 11 and 14 was characterized by a
eletion of 6 bp mapping at position 144–149 in respect
o the HXB2 sequence (Myers et al., 1995). Of note is that
ndividual 14 died of progressive multifocal leukoen-
ephalopathy (PML) 8 months after the beginning of this
tudy.
In summary, the proportions of individuals with Nef
efects were similar when LTNP were compared to pro-
ressors, i.e., five of seven and six of eight, respectively
Table 3). However, the frequency of individuals contain-
ng gross defects not compatible with protein translation
as higher in LTNP (5 of 7) compared to progressors (2
f 8, Table 2).
hylogenetic analysis of LTNP and progressor nef
lleles
A total of 178 nef sequences derived both from LTNP
nd from progressors were subjected to the genetic
istance analysis. Pairwise comparisons were carried
ut within the proviral DNA and plasma RNA sequences
f each LTNP and progressor to determine the mean
ntrapatient variability. The mean DNA percentage diver-
ity within individuals ranged among LTNP from 0.69% in
t 7 to 3.5% in pt 2, whereas their RNA diversities ranged
rom 0.37% in pt 6 to 3.39% in pt 1. In the progressor
roup, the DNA diversities ranged from 0.39% in pt 12 to
.46% in pt 8, whereas the RNA range was between 0.2%
n pt 11 and 3.22% in pt 8 (data not shown). Overall, the
ifferences in genetic distance between LTNP and pro-
ressors were statistically nonsignificant, suggesting
hat the degree of sequence variation in nef is unlikely to
eflect the stage of HIV-1 disease.
The matrix distance data of 178 sequences derived
rom PBMC-associated DNA and virion RNA of the LTNP
nd progressors were then integrated by using two al-
orithms: maximum parsimony and neighbor joining
Felsenstein, 1993). Both methods provided similar re-
ults. The unrooted phylogenetic tree inferred by the
atter method is shown in Fig. 1. The separation was
upported by the bootstrap analysis, confirming that nei-
her PCR contamination nor tube mislabeling occurred.
he nucleotide sequences of the LTNP intermingled with
hose of patients with AIDS with apparent clustering of
ome progressors (pts 15, 12, and 9) and of two LTNP
pts 4 and 2). The maximum-parsimony algorithm, how-
ver, did not confirm the relatedness among these indi-
iduals, suggesting that the nef sequences were all spe-
ific for each individual, without any common origin.
In order to emphasize the characteristics of the DNA
nd RNA sequences, a neighbor-joining analysis was
erformed on the sequences of single individuals. As
hown in Fig. 2A, the majority of LTNP had DNA se-
uences that clustered apart from RNA sequences. The
ootstrap value confirmed this separation. The only ex-
eption was pt 3, whose RNA and DNA nef sequences
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352 BRAMBILLA ET AL.ere intermingled. This individual, although remaining
ealthy, and with stable CD41 T cell counts, showed
ncreased levels of plasma viremia at follow-up (Vicenzi
t al., 1997d). The dissociation of the RNA and DNA
equences suggests that nef plasma RNA-derived
lones in LTNP may not be related in time to those
erived from PBMC DNA.
Concerning the progressor group, the separation pat-
ern between the DNA and the RNA sequences was also
bserved in pts 9, 10, 11, 12, and 13 (Fig. 2B), whereas pts
, 14, and 15 showed a mixed pattern. Patient 8 was
riginally enrolled in the study as an LTNP; however,
mmediately after enrollment, he showed high levels of
lasma viremia. Patient 10 was characterized by stable
D41 T cell counts over an 8-year period that ranged
rom 200 to 250 CD41 T cell counts/ml. The individuals
ith progressing disease, however, were receiving non-
ucleoside RT inhibitors, but not protease inhibitors (un-
vailable in Italy at the time of the study). Antiretroviral
herapy may represent an important variable in this anal-
sis as a consequence of its influence of the viral turn-
T
Positions and Sizes of nef M
Patient
No. of sequences with mutations/
No. of sequences
PBMC DNA Virion RNA
TNPs
1 3/3 5/5
2 0/6 7/10
3 4/8 3/5
4 0/6 1/14
5 12/13 0/6
6 0/5 0/6
7 0/5 ND
rogressors
8 5/5 6/6
9 0/5 0/6
10 4/4 5/5
11 4/4 6/6
12 0/5 0/6
13 0/5 1/6
14 5/5 4/4
15 4/13 0/6
a Position of difference with respect to the HXB2 nef nucleotide seq
b cl, clone.ver (Ho et al., 1995; Wei et al., 1995). onalysis of nonsynonymous and synonymous
utation frequencies
To assess the presence of selective constraints ex-
rted on the nef gene in LTNP compared to progressors,
he numbers of nonsynonymous substitutions per non-
ynonymous site (dN) and synonymous substitutions per
ynonymous site (dS) for all pairwise comparisons,
ithin the DNA- and RNA-derived clones of LTNP and
rogressors, were calculated by the methods of Nei and
ojobori (1986) and Li et al. (1985). To measure selection,
ither the ratio between dN and dS (dN/dS) or the differ-
nce Dd(dN2dS) was estimated for each individual. Ta-
le 4 indicates the dS, dN, dN/dS, and Dd values of the
NA sequences encoding Nef. No statistically signifi-
ant difference appeared when the DNA sequences of
TNP were compared to those of progressors. When the
omparison was carried in the context of the RNA-de-
ived sequences (Table 5), the statistical significance
ppeared when the Dd of LTNP was compared with that
f the progressors (P 5 0.02). Indeed, a higher proportion
s in LTNP and Progressors
Mutations Position(s)a
eletion 456–470
sertion in 2 RNA clb 320
sertion in 6 RNA cl 320
sertion in 1 RNA cl 197
deletion in 2 DNA cl 151–478
deletion in 1 DNA cl 165–264
rt Met in 1 DNA cl 3
letion in 1 RNA cl 213
utation stop in 1 RNA cl 10
utation stop in 1 RNA cl 103
utation stop 61
deletion in 7 cl 146–432
eletion in 5 cl 305–362
eletion in all DNA cl, but 1 with 3-bp deletion 22–33
22–25
eletion 24–35
letion in 1 RNA cl 52
letion 144–149
utation stop 38
letion 144–149
deletion 25–333ABLE 3
utation
15-bp d
1-bp in
1-bp in
1-bp in
328-bp
100-bp
No sta
1-bp de
Point m
Point m
Point m
287-bp
58-bp d
12-bp d
12-bp d
1-bp de
6-bp de
Point m
6-bp de
309-bp
uence.f nonsynonymous substitutions was observed in the
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353DEFECTIVE nef ALLELES IN HEMOPHILIACS WITH HIV-1NA clones of progressors compared to LTNP (mean
alues of 1.02 versus 0.43, P 5 0.03), whereas the num-
er of synonymous substitutions was also higher in pro-
ressors compared to LTNP (mean values of 5.04 versus
.26, P 5 0.03). Since the levels of viral replication were
ower in LTNP than in progressors, the correlation be-
ween the viremia and the nef virion genetic diversity
ith respect to the presence of silent versus changing
utations was tested by the Spearman rank correlation.
igure 3 shows the relationship of the log of plasma
iremia with Dd, dN, and dS of the RNA sequences. A
ignificant correlation, confirmed by the Spearman cor-
elation coefficient, was found between the viremia and
d (r 5 20.63, P 5 0.03), dN (r 5 0.54, P 5 0.031), and
S (r 5 0.63, P 5 0.018). Since all subjects had a com-
arable length of infection, these data suggest that the
ccumulation of both silent and active substitutions is
ighly dependent on the levels of viral replication that are
stablished in the infected individuals.
mino acid (aa) analysis
The Nef protein contains several amino acid motifs
nvolved in the multiple functions of Nef. In order to
nvestigate the characteristics of amino acid sequences
f nef alleles derived from the LTNP and progressor
emophiliacs, their deduced amino acid translations
ere aligned using CLUSTALW with minor manual ad-
ustments to optimize alignments. The sequences con-
FIG. 1. Phylogenetic relationship of nef nucleotide sequences from
atients with progressing HIV disease and from LTNP. The phyloge-
etic tree was constructed by the neighbor-joining method (see Mate-
ials and Methods). Numbers from 1 to 7 indicate the branches con-
aining the sequences derived from LTNP, whereas numbers from 8 to
5 indicate the sequences of progressors. All branch lengths are drawn
n accordance with their relative genetic distances.aining gross defects, such as large deletions, stop codons, and mutations leading to frame shift with pre-
icted premature termination of the Nef protein, shown in
ables 2 and 3, were excluded from this analysis. Only
ne mutation leading to the change of the first methio-
ine was included. Figures 4A and 4B show the align-
ent of Nef from LTNP and progressors, respectively. In
ost cases, sequences in previously defined functional
egions were highly conserved, although changes have
een observed in specific regions. Interestingly, in-frame
eletions ranging from 2 to 5 aa were observed in Nef of
ome individuals, either LTNP or progressor. A 5-aa
n-frame deletion was present in all RNA- and DNA-
erived clones of LTNP patient 1. This deletion is local-
zed in the polypeptidic loop that is disordered in the
rystal structure of the conserved core of Nef (Lee et al.,
996). Regarding the progressor group, pts 11 and 14
ere characterized by an identical 2-alanine (A) deletion
t position 49–50 (see Fig. 4B), and the Nef of pts 8 and
0 carried a deletion of 4 aa in the polymorphic region
ocalized at the N-terminal part of Nef in both DNA- and
NA-derived sequences. In this regard, it is likely that the
pstream amino acid residues are myristylated, as the
econd residue is still glycine (G) and the sixth is serine
S). In fact, residues 1–7, which include the myristylation
ignal, were highly conserved in both LTNP and progres-
ors. However, both PBMC and plasma-derived clones
rom pts 8 and 10 had a substitution of G3 with aspara-
ine (N).
Regarding the LTNP, a single clone (D9 from LTNP pt
) was clearly defective with a mutated initiator methio-
ine codon (ATG-ATA), whereas two other clones (D1 and
2) showed a substitution of G3 with S. LTNP pt 2 was
haracterized by substitutions of lysine (K) 4 and K7 with
rginine (R) in all RNA-derived clones. Duplications at
he N-terminus of the protein, varying in size and se-
uence, were present in two LTNP and in three progres-
ors in both the DNA- and the RNA-derived sequences.
Mutations overlapping the polypurine tract, a region
mportant for proviral DNA synthesis, were seen at K102
n LTNP pt 2, which was invariably substituted with the
ositively charged residue R. In progressor 12, all clones
ad the substitution of the same residue, K110, with the
egatively charged residue glutamic acid (E). Moreover,
lone R3 of progressor 8 showed the substitution of
esidue K108 with the negatively charged E, and also
lone R4 of progressor 11 had the residue threonine (T)
n place of K. Additionally, G102 in clone D6 of progressor
3 was changed with residue E.
The acidic region of 4 glutamic acids, EEEE, in-
olved in the down-modulation of MHC class I mole-
ules (Greenberg et al., 1998), was characterized by a
ertain degree of heterogeneity. In particular, four of
ine sequences of LTNP pt 4 had an additional E. The
NA-derived clones of LTNP pt 2 had changed the
EEE motif with EEKGG, whereas his DNA-derived
lones had a conservative change with the substitu-
t
T
p
t
g
m
a
b
n NA-de
354 BRAMBILLA ET AL.ion of E with aspartic acid (D) to form the motif EDEE.
he same pattern was observed in all clones of LTNP
t 3. The remaining LTNP (1, 5, 6, and 7) were identical
FIG. 2. Phylogenetic relationship of nef nucleotide sequences from
ootstrap replications (100) in support of the adjacent node is shown. R
ot successful on the RNA sample from plasma. Full circles represent Ro the NL4-3 nef sequence. Regarding the progressor mroup, the heterogeneity of the EEEE motif was even
ore evident. With the exception of progressors 14
nd 15, pts 8, 9, 10, 11, 12, and 13 showed variable
ual LTNP (pt 1 to 7) (A) and progressors (pt 8 to 15) (B). Number of
g pt 7, only the DNA sequences are shown, since the nested PCR was
rived sequences, and open triangles indicate DNA-derived sequences.individ
egardinotifs, as shown in Fig. 4B.
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355DEFECTIVE nef ALLELES IN HEMOPHILIACS WITH HIV-1The PxxP repeat motifs, between residues 69–78 and
47–150, suggested to be crucial in SH3 and MHC class
FIG. 2domain recognition (Iafrate et al., 1997; Greenberg et al., b998) as well as for infectivity (Saksela et al., 1995),
howed a high conservation in proline (P) residues in
nuedoth PBMC- and plasma-derived clones from both LTNP
a
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356 BRAMBILLA ET AL.nd progressors. This region was highly conserved, with
he exception of clone D15 from pt 8.
The residues R77, K82, and D86 have been shown to
T
Synonymous and Nonsynonymous Substitu
Patient No. of clones dS (SE)a
TNPs
1 3 2.49 (1.12)
2 6 6.60 (1.54)
3 5 6.06 (1.37)
4 6 0
5 1 ND
6 5 1.64 (0.67)
7 5 0.89 (0.52)
ean 6 SEM 2.94 6 1.12
rogressors
8 8 9.51 (1.77)
9 5 0.71 (0.51)
10 4 1.76 (0.79)
11 4 0.56 (0.46)
12 5 0.29 (0.29)
13 5 2.84 (0.96)
14 5 4.05 (1.15)
15 9 4.74 (1.10)
ean 6 SEM 3.06 6 1.09
a Total number of synonymous substitutions per potential synonymo
onsynonymous site (dN). The difference between dN and dS, termed
T
Synonymous and Nonsynonymous Substitu
Patient No. of clones dS (SE)a
TNPs
1 3 1.97 (0.99)
2 3 0
3 2 4.40 (1.81)
4 3 0
5 6 0.95 (0.48)
6 6 0.22 (0.23)
7 — —
ean 6 SEM 1.26 6 0.7
rogressors
8 8 7.75 (1.62)
9 5 0.72 (0.42)
10 4 6.77 (1.66)
11 4 0.25 (0.25)
12 5 8.38 (1.59)
13 5 3.28 (0.99)
14 5 8.87 (1.93)
15 9 4.29 (1.16)
ean 6 SEM 5.04 6 1.2*
a Total number of synonymous substitutions per potential synonymo
onsynonymous site (dN). The difference between dN and dS, termed* P , 0.05; dS, dN, dN/dS, and Dd were compared in the LTNP and progree critical for the overall integrity of the SH3 binding
omain. R77 and D86 were conserved in all clones with
he exception of 1D2 and 8D15, respectively, whereas
the nef Gene Amplified from PBMC DNA
dN (SE)a dN/dSa
Dda
dN 2 dS
1.30 (0.43) 0.52 21.19
2.76 (0.54) 0.42 23.84
2.16 (0.46) 0.36 23.90
9.90 (0.28) — 0.90
ND — —
0.37 (0.19) 0.23 21.27
0.67 (0.24) 0.75 20.22
1.36 6 0.37 0.46 6 0.09 21.59 6 0.8
2.96 (0.53) 0.31 26.55
0.68 (0.26) 0.96 20.03
0 — 21.76
0.59 (0.25) 1.05 0.03
0.43 (0.19) 1.48 0.14
0.72 (0.26) 0.25 22.12
0.51 (0.21) 0.13 23.54
1.11 (0.26) 0.23 23.63
0.88 6 0.31 0.63 6 0.2 22.18 6 0.83
(dS) and total number of nonsynonymous substitutions per potential
d the ratio dN/dS were calculated as index of selection pressure.
n the nef Gene Amplified from Virion RNA
dN (SE)a dN/dSa
Dda
dN 2 dS
0.43 (0.25) 0.22 21.54
0 — 0
1.48 (0.56) 0.34 22.92
0 — 0
0.28 (0.14) 0.29 20.67
0.41 (0.17) 1.86 0.19
— — —
0.43 6 0.22 0.68 6 0.39 20.82 6 0.47
1.85 (0.44) 0.24 25.90
0.28 (0.14) 0.39 20.44
0.63 (0.26) 0.09 26.14
0.18 (0.13) 0.72 20.07
1.57 (0.38) 0.19 26.81
0.89 (0.30) 0.27 22.39
1.25 (0.39) 0.14 27.62
1.48 (0.36) 0.34 22.81
1.02 6 0.22* 0.30 6 0.07 24.02 6 1.04*
(dS) and total number of nonsynonymous substitutions per potential
d the ratio dN/dS were calculated as index of selection pressure.ABLE 4
tions in
us siteABLE 5
tions i
us site
Dd, anssor groups by the rank sum test.
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357DEFECTIVE nef ALLELES IN HEMOPHILIACS WITH HIV-1esidue K82 was mutated in the majority of clones from
TNP pt 3. In addition, all clones of progressor 12 had a
onservative K to R change, whereas progressor 15
howed a K82 change in S.
All nef alleles, but one (4D6), contained the DD or ED
esidues near the C-terminus. This domain is required
or interactions between Nef and the Nef binding protein
, implicated in the internalization of CD4 by Nef (Lu et
l., 1998).
Regarding the residues at the carboxyl-terminus in-
olved in CD4 down-modulation (Lu et al., 1998), only
rogressor 12 was characterized by a substitution at
121 with glutamine (Q).
The functional consequences of these observed
hanges in the nef sequences derived from LTNP and
rogressors are unknown.
bility of nef alleles to reduce infectivity in PBMC
The contribution of Nef to HIV infectivity is particularly
videnced when resting PBMC are first infected and
FIG. 3. Correlation between viremia expressed in log and the Dd
dN2dS) (top), dN (middle), and dS (bottom) of the RNA-derived se-
uences.ubsequently activated (Spina et al., 1994; Miller et al., g994; Vicenzi et al., 1997c). We therefore investigated the
otential role of nef sequences from LTNP that predicted
ross defects of Nef function such as those found in
ither the RNA-derived clones of pts 1 (L1) and 2 (L2) or
he DNA-derived clones of pt 5 (L5) containing the 58-
ucleotide deletion (see Table 3) and the sequence from
rogressor 11 that was characterized by a deletion of two
residues at position 49–50 (P11) (Fig. 4B, clone 11R1).
hese sequences were cloned in the single-LTR infec-
ious molecular clone NL-4 derived pILIC (Leonard et al.,
989). Chimeric viruses were generated by transfection
f proviral DNA in the MT4 cells and viral supernatant
as harvested at the peak of reverse transcriptase (RT)
ctivity. To ensure that new mutations were not intro-
uced during construction of the molecular clones and
eneration of the viral stocks, virion RNA was extracted
rom aliquots of viral supernatant from WT, nef(2), L1, L2,
5, and P11 stocks. Direct sequencing was performed on
he RT-PCR products. Two nucleotide changes were ob-
erved: one was in the P11 stock virus, in which a single
ucleotide substitution at position 221 occurred, leading
o an amino acid change (L to Q). The other substitution
as located at position 477 in the L5 viral stock, leading
o the change of H with N. No other changes were
bserved, and the first 106 and the last 27 nucleotides
ere identical to the NL4-3 sequence. Cell pellets were
arvested 3 days posttransfection and subjected to
estern blot analysis. Figure 5 shows Nef expression of
T and chimeric viruses. Although all the major viral
roteins were expressed by WT and chimeric viruses,
ef alleles L1, L2, and L5, which predicted a premature
ermination of the protein, failed to direct detectable
xpression of the Nef polypeptide, similar to a nef-minus
L4-3 virus.
Equal amounts of RT activity were used to infect PHA-
timulated PBMC or resting PBMC that were subse-
uently activated by PHA 24 h postinfection. Figure 6A
hows the kinetics of viral replication of WT virus com-
ared to the chimeric viruses in PHA blasts. The repli-
ation kinetics of WT virus were indistinguishable from
hose of chimeric viruses at the lowest dilution (2 3 105
T activity equivalents). However, the L1, L2, L5, and also
he P11 viruses replicated 2- to 3-fold less efficiently
ompared to WT virus at a 10-fold lower multiplicity of
nfection, with kinetics and peaks of viral replication
imilar to those of nef-minus virus isogenic to WT HIV
Fig. 6B). At the lowest viral input, in addition to a less
fficient replication, the chimeric and nef-minus viruses
howed a 1-week delay in peak RT activities compared
o WT virus (Fig. 6C).
When resting PBMC were infected with these viruses,
he differences were even more profound (Fig. 7), con-
istent with previous reports (Spina et al., 1994; Vicenzi et
l., 1997c). The comparison of the growth kinetics of the
himeric virus carrying the nef allele derived from pro-
ressor 11 with those of the viruses containing altered
358 BRAMBILLA ET AL.
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362 BRAMBILLA ET AL.ef revealed a similar impairment, indicating that individ-
als with progressing disease may carry attenuated vi-
uses endowed with mutations in nef.
DISCUSSION
We have sequenced the nef gene from both PBMC-
erived DNA and plasma-derived RNA of seven LTNP
nd eight individuals with progressing HIV disease. All
ndividuals studied here were hemophiliacs infected with
IV-1 by infusion of contaminated factor VIII concen-
rates prior to 1985. Intact nef open reading frames were
ound in all LTNP and progressors. However, a signifi-
ant proportion of nef sequences within LTNP subjects
ere characterized by gross defects compared to pro-
ressors. These alterations were due to either internal
arge deletions that disrupted the protein coding se-
uence or mutations potentially causing premature ter-
ination of the protein. In this regard, the frequencies of
ef-defective clones reported previously in other nonpro-
ressors and progressors were lower (range 5 to 30%)
han those found in our cohort of infected hemophiliacs
range 9 to 63%) (Huang et al., 1995; Michael et al., 1995b;
cNearny et al., 1995; Mariani et al., 1996). Mariani et al.,
owever, reported that a hemophilic LTNP was charac-
erized by a high proportion of inactive nef clones (ap-
roximately 70%). One possible explanation of our re-
ults could be due to sampling limitations. Two indepen-
ent PCRs from PBMC-derived DNA and plasma-derived
NA were carried out, and several clones were derived
nd sequenced. Follow-up studies will be necessary to
etermine the persistence or loss of defective nef among
TNP and progressors.
FIG. 5. Immunoblot analysis of Nef proteins (top) and the major viral
roteins (bottom) from chimeric viruses. Forty-microgram aliquots of
rotein extracts prepared from MT4 cells transfected with NL4-3 ex-
ressing various nef alleles were immunoprecipitated with anti-Nef
erum and a serum from an AIDS patient, respectively.In-frame deletions that predict Nef synthesis were Dbserved in all RNA- and DNA-derived clones of LTNP pt
and in four progressors. The small nef deletions of
TNP pt 1 and progressors 8 and 10 were located in
olymorphic regions of Nef which were not solved by the
rystallography analysis (Lee et al., 1996); however, the
eletion of aa 49–50, characteristic of individuals 11 and
5, was located in a conserved region of Nef. This dele-
ion mutation maps in the N-terminal region of Nef which
as not resolved by the crystal structure. In this regard,
uclear magnetic resonance, combined with proteolytic
xperiments, has suggested that Nef consists of two
ain domains: an anchor domain located at the N-ter-
inus (aa 2 to 65), which is probably located at the
urface of the protein, and a more compactly folded
-terminal core domain (Freund et al., 1994). The dele-
ion of aa 49–50 has the potential of disrupting the overall
rotein structure. When the nef allele of pt 11, character-
zed by a 2-aa deletion at position 49–50, in addition to a
ew other changes indicated in Fig. 4B (clone 11R1), was
ested in the context of chimeric virus, HIV infectivity was
educed by 10-fold compared to WT virus, similar to that
f a nef-minus virus. Interestingly, this deletion was also
ound in the nef gene of two individuals with progressing
IV-1 disease and it was already reported by Ratner et
l. in two subjects with CD4 counts of 191 and 283/ml
lood (Ratner et al., 1996). In that study, functional anal-
sis of these alleles did not result in major differences
ompared to a reference Nef; infectivity studies were,
owever, carried out in MAGI cells. In order to assess the
unctional relevance of aa 49–50, specific nef mutants,
iffering only in the presence or absence of this deletion,
eed to be analyzed. Interestingly, in the SCID-hu mouse
odel, which allows for the simultaneous assay of infec-
ion, replication, and pathogenicity, deletion of several
egions including a putative protease cleavage domain
Pandori et al., 1996), as well as a conserved glutamic
cid-rich segment of the protein (Greenberg et al., 1998),
ad no effect on viral replication or pathogenicity. How-
ver, a deletion from aa 41 to 49 inclusive attenuated viral
eplication and pathogenicity (Aldrovandi et al., 1998). In
hypothetical model in which the amino-terminus region
f Nef represents the membrane-anchoring arm at-
ached to a compact body, this deletion mutation might
mpede critical interactions between different Nef do-
ains.
All previous studies regarding nef variants in LTNP
Deacon et al., 1995; Kirchhoff et al., 1995; Salvi et al.,
998; Huang et al., 1995; Michael et al., 1995b; Mariani et
l., 1996), but one (Saksena et al., 1997), have been
arried out on PBMC-derived DNA. In this regard it
hould be underscored that proviral DNA in PBMC is a
ixture of newly replicating virus and unexpressed vari-
nts, whereas plasma-associated HIV derives from re-
ently productively infected cells (Ho et al., 1995; Wei et
l., 1995). The comparative analyses of PBMC-derived
NA and plasma-derived RNA sequences indicated that
c
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363DEFECTIVE nef ALLELES IN HEMOPHILIACS WITH HIV-1ompartmentalization occurred between PBMC and
lasma-derived nef clones. The phylogenetic analyses of
ndividual HIV-infected hemophiliacs clustered the RNA
equences separately from those of the DNA sequences
n the majority of LTNP (5 of 7) with the exception of LTNP
FIG. 6. Kinetics of viral replication as measured by RT activity in the s
nfections of PHA blasts with serially diluted supernatants containingt 3 in whom nef sequences were intermingled. Of note ts the fact that this individual had viremia levels of 8108
opies/ml of plasma at the time of the study and that his
iremia subsequently increased up to 21,368 copies/ml of
lasma, suggesting potential progression of HIV disease
oward AIDS. Concerning the progressors, all but pa-
tant of PHA blasts infected with chimeric viruses. A, B, and C indicate
5, 0.2 3 105, and 0.02 3 105 RT equivalents, respectively.upernaients 14 and 15 had the characteristic pattern of sepa-
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364 BRAMBILLA ET AL.ation between DNA and RNA sequences. Of interest is
he fact that all these progressors have been receiving
ntiretroviral therapy with the exception of pts 14 and 15.
herefore, the dissociation of the RNA and DNA clones
y phylogenetic analyses suggests that both nef plasma
NA and PBMC-associated DNA clones are not related
n time. In other terms, the virus revealed in PBMC is
nlikely to be the actually replicating virus, consistently
ith the relative quiescent state of PBMC. Similar results
ere observed in a mother and child LTNP pair with
espect to the vpr gene (Wang et al., 1996). These results
ll together suggest the possibility that a separation
etween DNA and RNA species indicates a relatively low
iral turnover, with accumulation of quasispecies as in-
egrated proviral DNA distinct from those of replicating
irus. On the other hand, if viral and CD41 lymphocyte
urnover rates are higher, a homogenization of PBMC-
ssociated DNA and plasma virus RNA is expected and,
ndeed, observed.
By examining the type of mutations present in progres-
ors in respect to LTNP, and in both the RNA and the
NA clones, a higher proportion of nonsynonymous sub-
titutions was observed in the RNA clones of progres-
ors than in those of LTNP (mean values of 1.02 versus
.43, P 5 0.03). The numbers of synonymous substitu-
ions were also higher in progressors compared to LTNP
mean values of 5.04 versus 1.26, P 5 0.03). These
ifferences were not observed when the analyses were
arried out for the DNA clones. These findings suggest
hat the diversity observed with regard to the nef gene
ould depend more on accumulation of mutations driven
FIG. 7. Kinetics of viral replication as measured by RT activity in t
quivalents of WT and chimeric viruses.y virus replication than on immunologic pressure (Plikat ht al., 1997). In favor of this hypothesis, the number of
utations in both LTNP and progressors well correlated
ith the levels of viremia.
In conclusion, although intact nef ORFs were detected
n all individuals of our cohort, several defective clones
oexisted at higher frequencies in LTNP compared to
rogressors. The proportions of individuals with either
arge or small deletions were similar when LTNP were
ompared to progressors. Deletions in the nef gene
ppear to be responsible for some cases of nonprogres-
ion (Deacon et al., 1995; Kirchhoff et al., 1995; Salvi et
l., 1998). However, it has been recently reported that the
emophilic LTNP described by Kirchhoff et al. infected
ith only nef-deleted forms of HIV-1 had experienced a
ecline in the number of CD41 T cells (Greenough et al.,
999). In regard to progressors of our cohort, the nef
llele containing the deletion of aa 49–50 from one pro-
ressor conferred a reduced infectivity to HIV similar to a
ef-minus HIV. Since repair of small deletions (up to 12
p) in nef has been found to occur in experimental SIV
nfections of macaques and has been associated with
estoration of virulence (Whatmore et al., 1995), follow-up
tudies will be necessary. It is hoped that follow-up of
his cohort will shed some light on the different underly-
ng causes of nonprogression and the mechanism by
hich HIV-1 infection can be controlled.
MATERIALS AND METHODS
tudy participants
Seven individuals of a cohort of 112 HIV-1-infected
ernatant of PBMC infected with supernatant containing 2 3 105 RTemophiliacs who received contaminated blood prod-
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365DEFECTIVE nef ALLELES IN HEMOPHILIACS WITH HIV-1cts prior to 1985, and attending on a regular schedule
he “A. Bianchi Bonomi” Hemophilia and Thrombosis
enter in Milan, fit the following definition of LTNP at
tudy entry: (1) documented infection lasting for at least
0 years, (2) absence of clinical symptoms and healthy
eneral conditions, (3) CD41 T cell counts stably higher
hen 500/ml blood, and (4) no assumption of antiretroviral
gents. Four men are affected by severe hemophilia A
patients 2, 3, 6, and 7) and two by hemophilia B (pts 1
nd 5); in addition, one woman (pt 4) is a hemophilia B
arrier. The median age of these subjects is 26 years
range 18–49) (Table 1). From seroconversion to study
ntry (1995), the seven patients had always been asymp-
omatic with CD41 T cell counts stable over 10 or more
ears and higher than 500 cells/ml blood (Vicenzi et al.,
997a), with the exception of individual 6, who showed a
ecline to 394 CD41 cells/ml at the end of 1996 followed
y a recovery to 513 CD41 cells/ml in March 1997. All
TNP are currently in stable, good, healthy condition.
Among the patients attending the “A. Bianchi Bonomi”
enter, eight hemophiliacs who were comparable to the
TNP for age, sex, and duration of HIV infection, but with
D41 T cell counts persistently below 500 cells/ml blood
Table 1), were selected as progressors (pts 8 to 15). The
irst HIV seropositivity in the progressor group was also
ated between 1983 and 1985. Two progressors had
eveloped AIDS between 1993 and 1995. Extrapulmo-
ary Mycobacterium tuberculosis infection occurred in pt
1 and Pneumocystis carinii pneumonia (PCP) in pt 9.
wo of the eight progressors (12 and 14) were AIDS-free
nd without signs of HIV-related disease at the begin-
ing of this study. None of the progressors had ongoing
cute disease when virological examinations were car-
ied out at study entry. After the virological evaluation, all
rogressors have been followed-up according to the
outine procedures adopted by the Center. Six months
fter the study, AIDS-defining events occurred in two
dditional progressors: PML in pt 14 and PCP in pt 15.
ntiretroviral therapy and PCP prophylaxis had been
dministered since the CD41 T cell counts declined
elow 300 cells/ml in all progressors with the exception
f pts 14 and 15, who refused any therapeutic interven-
ion. Three deaths (individuals 10, 14, and 15) occurred in
he progressor group, whereas no major clinical events
ere observed in the remaining individuals.
amples
Peripheral whole venous blood was collected in
DTA-containing tubes. Plasma was separated from
lood and stored at 280°C, whereas PBMC were
eparated by Ficoll–Hypaque density gradient (Phar-
acia Biotech, AB, Uppsala, Sweden). DNA was ex-
racted from 1 3 106 PBMC pellets by standard meth-
ds (Bagnarelli et al., 1991). Genomic HIV-1 RNA was (xtracted from 20 ml plasma from each individual
Bagnarelli et al., 1991).
mplification and cloning of HIV-1 nef alleles
A nested PCR amplification method was adopted to
mplify both proviral DNA and virion RNA sequences.
wo sets of primer pairs were chosen. The outer primers,
ith their position in the HIV-1 clone HXB2 indicated in
arentheses, were (1) 59-GTAGCTGAGGGGACAGAT-
GGGTTAT-39 (8688 to 8713) and (2) 59-GCACTCAAG-
CAAGCTTTATTGAGGC-39 (9607 to 9632). The inner
rimers were (3) 59-CGTCTAGAACATACCTAGAA-
AATAAGACAGG-39 (8749 to 8772) and (4) 59-CGGAATC-
GTCCCCGCGGAAAGTCCCTTGTA-39 (9453 to 9430).
he RT reaction was carried out by MuLV RT with anti-
ense primer 2 in a 20-ml reaction. The resulting cDNA
nd the DNA from 105 PBMC were subjected to a dena-
uration step at 94°C (1 min), annealing at 55°C (1 min),
nd extension at 72°C (1.5 min) for 30 cycles in a 480
hermal cycler (Perkin–Elmer, Foster City, CA) under con-
itions recommended by the manufacturer. Subse-
uently, amplification reaction mixtures were diluted 20-
old with the reaction buffer, and the second round of
CR with the inner primers was performed for another 30
ycles as described above. Amplified nef sequences
ere subjected to agarose gel electrophoresis and visu-
lized by ethidium bromide staining. PCR products of
ach sample were generated from two or more indepen-
ent amplifications prior to cloning. Small aliquots (1–2
l) were ligated into the PCR II vector (Invitrogen, San
iego, CA), and colonies were generated as recom-
ended by the manufacturer. Several clones were tested
or the presence of nef inserted by EcoRI digestion and
NA of recombinant clones was used for sequencing.
ndividual clones from each patient were sequenced
ith an automated sequencing apparatus (Applied Bio-
ystems, Perkin–Elmer), according to the manufacturer’s
nstructions.
hylogenetic analysis of nef sequences
The nucleotide sequences were aligned by the
LUSTALW (1.60) program (Thompson et al., 1994). Phy-
ogenetic analysis was conducted using programs from
ersion 3.572c of the Phylogeny Inference Package
PHYLIP) by J. Felsenstein (University of Washington,
eattle). Nucleotide sequence distances were estimated
y means of the Kimura two-parameter algorithm (DNA-
IST). The transition to transversion ratio was estimated
mpirically and set to a value of 2. Nucleotide distances
ere expressed as means of all the pairwise compari-
ons among either the DNA or the RNA sequences from
single patient (intrapatient variability). Phylogenies
ere reconstructed by the distance matrix method
NEIGHBOR) and the maximum parsimony method
DNAPARS). Bootstrap analysis was applied to the neigh-
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366 BRAMBILLA ET AL.or-joining tree to assign approximate confidence limits
o individual branches. One hundred bootstrap replica-
ions were performed. The sequences have been depos-
ted with GenBank under Accession Nos. AF120745 to
F120925.
The number of synonymous substitutions per potential
ynonymous site (dS) and the number of nonsynony-
ous substitutions per potential nonsynonymous site
dN) for each set of sequences were calculated by using
he method of Nei and Gojobori (1986) incorporating the
ukes–Cantor correction for multiple substitutions, as
mplemented in the MEGA program. The difference be-
ween dN and dS, termed Dd, as well as the ratio dN/dS,
as calculated as index of selection pressure.
mmunoblot analysis of Nef expression
Immunoblot analysis of Nef expression was performed
ith aliquots of extracts prepared 3 days after transfec-
ion of MT4 cells with the chimeric infectious molecular
lones. Samples containing 40 mg of protein were dena-
ured for 15 min at 70°C in reducing sample buffer,
esolved on 15% polyacrylamide gels and transferred to
ylon membrane. Immunoblot analysis with a rabbit anti-
ef serum (obtained through the AIDS research and
eference reagent program, NIAID, NIH), and a serum
rom an AIDS patient, recognizing all the major HIV
roteins, was performed as described previously (Poli et
l., 1989). The immunoblot was developed by the en-
anced chemiluminescence detection system (Amer-
ham, Little Chalfont, UK).
nfectivity assay
The nef coding sequence of the single-LTR infectious
olecular clone NL4.3 derived pILIC, kindly donated by
. A. Martin (LMM, NIAID, NIH) (Leonard et al., 1989),
as replaced with the nef sequence obtained from se-
ected patients by using the internal nef XhoI and BspEI
nique sites. The provirus sequences were released
rom the vector by digestion with BamHI, purified, and
elf-ligated to generate infectious proviruses. MT4 cells
ere transfected by the DEAE-dextran method. Virus
tocks were generated by harvesting supernatants every
days. They were stored at 280°C until tested by Mg21-
ependent RT activity (Vicenzi et al., 1994). Supernatants
ontaining 2 3 105 equivalents of RT activity were used
o infect 1 3 106 PBMC in RPMI 1640 (Bio-Whittaker,
erviers, Belgium) containing 10% FCS (Hyclone Europe,
td., Cramlington, UK) and 10 U/ml recombinant IL-2
Boehringer, Mannheim, Germany) (complete medium).
wenty-four hours postinfection, PHA-P (5 mg/ml) (Sigma
hemical Co., St. Louis, MO) was added; after 3 days,
edium was replaced with fresh complete medium. Su-
ernatants were harvested and replaced every 3 days.
inetics of viral replication were then measured on su- Dernatants stored at 280°C by RT activity content (Vi-
enzi et al., 1994).
tatistical analysis
Proportions of defective clones in the two groups were
ompared by the t test after arc–sin transformation and
eighting for number of sequenced clones. Dd, dN/dS,
N, and dS were compared in the two groups of patients
y the rank sum test. The association of viremia and Dd,
N, and dS was assessed by the Spearman rank corre-
ation.
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